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Chapter 21: 
Carboxylic Acid Derivatives 


Ou OH OH 
| | ‘ | NH 


CH;CHY 


PhOCH,—C—N~_ S.CH, | Ph—CH—C—N~ ll 
. | i, SCH,CH,N—C—H 
a | 


Jn NH LN 
o ea 0 CH, 
COOH COOH cooH 
penicillin V cephalexin (Keflex®) imipenem (Primaxin®) 
a pentelia ‘cephalosporin a earbapenem 
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Carboxylic Acid Derivatives 


i rf i i 
R=t—z R=C—O0—C—RK. 1 &k—C—0—F’ R—C—NH, R—C=N 
acid halide anhydride ester amide nitrile 
Condensed structure: RCOX (RCO),O RCO,R’ RCONH, RCN 


*Carboxylic acid derivatives are defined as 
compounds with functional groups that can be 
converted to carboxylic acids by a simple acidic or 
basic hydrolysis. 
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Some Naturally Occurring 


Esters and Amides 
O 


o—C—CH, ye 3 


geranyl acetate 


isoamyl acetate 
(geranium oil) 


(banana oil) 


| 
PhCH,—C—NH 


) 
| S. CH, 

H,C Ge 
Oo N(CH,CH;3)5 of” N CH3 
COOH 


N,N-diethyl-meza-toluamide penicillin G 
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Structures and Nomenclature 
of Acid Derivatives 


| Ht | 
R—C—OH + R—OH == R—C—O—R + HO 


acid alcohol 


eEsters are carboxylic acid derivatives in which the 
hydroxy group (—OH) is replaced by an alkoxy (— 
OR). 
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Common and Systematic 
Names for Some Acids, 
Alcohols, and Esters 


+ 


| H | 
CH,CH,—OH + HO—C—CH, = CH,CH;-O—C—CH, + H,0 


TUPAC name: ethanol ethanoic acid ethyl ethanoate 
common name: ethyl alcohol acetic acid ethyl acetate 
? ? ? 
(CH,),CH—O—C—H C)-0-e4C) cu—o—C-c,—()) 
TUPAC name: 1-methylethyl methanoate phenyl benzoate methyl 2-phenylethanoate 
common name: isopropyl formate phenyl benzoate methyl phenylacetate 
en; r i 
Ph—CH,—O—C—CH—CH, cu,—o—c—X ( )-0-¢— 
TUPAC name: benzyl 2-methylpropanoate methyl cyclopentanecarboxylate cyclohexyl methanoate 
common name: benzyl isobutyrate methyl cyclopentanecarboxylate cyclohexyl formate 
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Lactones 


O 
4 Hon : d 
at Fy — 
H—C, Ht H—C, 
ll; oO — |; O+ HO 
H—C~_¥/ H—CW/ 
i K if 
i a ef % 
H H H H 
TUPAC name: 4-hydroxybutanoic acid 4-hydroxybutanoic acid lactone 
common name: y-hydroxybutyric acid y-butyrolactone 
O O 
z H,C 
4 
6 0 e 2 
y 6 %, 
CH, 
IUPAC name: 5-hydroxypentanoic acid lactone 4-hydroxy-2-methylpentanoic acid lactone 
common name: 6-valerolactone a-methyl-y-valerolactone 


*Cyclic esters are called lactones. 

°*The IUPAC names of lactones are derived by 
adding the term lactone at the end of the parent 
acid. 
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Amides 


O 
l| I i heat I + 

R—C—OH + HN—R > R—C—O H,N—R’ > R—C—NASE + H,0 f 
acid amine salt amide 


An amide is a composite of a carboxylic acid and 


ammonia or an amine. 
eAmmonium salts are converted to amides at high 


temperatures. 
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Resonance Representation 
of Amides 


li? 
ia 


a a H <> gee 
» ea us | 
H 
formamide 
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Amide Substitution and 
Naming 


rf io Lt 
R=—C=N—H R=C=N =" R=—C=NEk 
primary amide secondary amide tertiary amide 
(N-substituted amide) (N,N-disubstituted amide) 
r r Lae 
CH,—C—NH—CH,CH, H—C—N(CH,), (CH,),CH —C— N—CH, 
TUPAC name: N-ethylethanamide N,N-dimethylmethanamide N-ethyl-N,2-dimethylpropanamide 
common name: N-ethylacetamide N,N-dimethylformamide N-ethyl-N-methylisobutyramide 
1 I i 
[ -c—ne, [>—c—N(CH,), CN 
H.C 
cyclopentanecarboxamide N,N-dimethylcyclopropanecarboxamide acetanilide 
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Lactams 


; 
H 
O a 
Ly B be | heat H—Cr \ 
H,N—CH,—CH,—CH,—C—OH > |; N-H + HO 
HOC ~ ae 
H  /\ 
H HH 
IUPAC name: 4-aminobutanoie acid 4-aminobutanoic acid lactam 
common name: y-aminobutyric acid y-butyrolactam 
0 
fe) CH, 
a md N, 
AN N—H 
Ly x 
Na 
CH, 
TUPAC name: —3-aminopropanoic acid lactam 6-aminohexanoic acid lactam 4-amino-2-methylpentanoic acid lactam 
common name: B-propiolactam e-caprolactam a-methyl-y-valerolactam 


*Cyclic amides are called lactams. 
eLactams are named by adding the term /actam at 
the end of the IUPAC name of the parent acid. 
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Nitriles 


Hydrolysis to an acid 


10) O 
_ H,O | H,O I 
R ‘C=N Hor-OH” R ; Le NH, roe R © OH 
nitrile primary amide acid 
Synthesis from an acid 
| NH POCI = 
R—C—OH “> R—C—NH, -, R—C=N 
. heat . a nitrile 
acid primary amide 
- OCH, 
CH;,—C=N CH,—_CH—CH,—C=N CH,;—CH — CH,CH,CH,—C=N 
TUPAC name: ethanenitrile 3-bromobutanenitrile 5-methoxyhexanenitrile 
common name: acetonitrile 


f-bromobutyronitrile 


*Nitriles contain the cyano group. 
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d-methoxycapronitrile 
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Electronic Structure of Nitriles 


acetonitrile propyne 


The atoms at the ends of the triple bonds are sp 
hybridized, and the bond angle is 180°. 
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Acid Halides 1 


:O: 
0: 

Tie me 3 
—(— . <> —C— 3. —_— = : : 
RCo Gs = Rex 4 : 

Nuc: Nuc Nuc leaving group 


°Acid halides are also called acyl halides. 


eAcid halides are activated derivatives used in the 
synthesis of other acyl compounds such as an 
ester. 
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Acid Halides 2 


oO 
O Br O | 
I | | | c—cl 
CH,—C—F  CH,—CH,—C—Cl CH, —CH—CH,—C—Br 
ethanoyl fluoride propanoyl chloride 3-bromobutanoy! bromide cyclopentanecarbony] chloride 
acetyl fluoride propiony! chloride f-bromobutyryl bromide 


*Acid halides are named by replacing the -/c acid 
suffix name with -y/ and the halide name. 
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Acid Anhydrides 1 


1 4 1 1 
R—C—O0O—C=R + HO = R—C—OH + HO—C—R 


anhydride water two molecules of acid 


° The word anhydride means “without water.” 


° An acid anhydride contains two molecules of acid, 
with loss of a molecule of water. 
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Acid Anhydrides 2 


705 0 
P. I Pr. | 0 | 
—C—O me Can — R-C 2 C—R 2 R—-Cy OR Caak 
| Nuc 
Nuc Nuc carboxylate 


leaving group 


°Acid anhydrides are activated derivatives of 
carboxylic acids. 
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Naming Acid Anhydrides 


O O 

i 2 om 
CH,—C—O—C—CH, CF,—C—O—C—CE, 0 0 
O O 


(abbreviated Ac,O) (abbreviated TFAA) 
ethanoic anhydride trifluoroethanoic anhydride benzene-1,2-dicarboxylic anhydride but-2-enedioic anhydride 
acetic anhydride trifluoroacetic anhydride phthalic anhydride maleic anhydride 
i 
CH——C—O—C—H CH,CH;—-C—O—C—CF, 
IUPAC name: ethanoic methanoic anhydride trifluoroethanoic propanoic anhydride 
common name: acetic formic anhydride trifluoroacetic propionic anhydride 


*Acid anhydrides are named by replacing the word 
acid with anhydride. 
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Nomenclature of 
Multifunctional Compounds 


acid > ester > amide > nitrile > aldehyde > ketone > alcohol > 
amine > alkene, alkyne 
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Summary of Functional Group 
Nomenclature 


Functional Name as Main Group (in Name as 
Group order Substituent 
of decreasing priority) 

carboxylic acids | -oic acid carboxy 
esters -oate alkoxycarbonyl 
amides -amide amido 
nitriles -nitrile cyano 
aldehydes -al formyl 
ketones -one Oxo 
alcohols -ol hydroxy 
amines -amine amino 
alkenes -ene alkenyl 
alkynes -yne alkynyl 
alkanes -ane alkyl 
ethers alkoxy 
halides halo 
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Physical Properties of 
Carboxylic Acid Derivatives 


Examples 
(MW 55-60) bp (°C) 300 


| 
CH,—C—NH 

) 

ll 200 
CH;—C— OH 118 
CH;CH,CH,OH 97 

CH,CH,—C=N 7 of 
Oo = 100 

ll & 

H—C—OCH, 32 2 

CH,CH,CH,CH, o & 


100 


20 60 140 180 


100 
molecular weight 


¢The physical properties of acid derivatives largely 
depend on their polarity and their hydrogen- 
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Resonance 


1 | 
Cc R’ <— 
R” “s oe R” “S eo 
R R’ 
dipolar resonance in amides 
% - 
cC=N a 
\ —H 
R H +N 
: 4 
4 a “OO q 
oe =N R 
R H 


strong hydrogen bonding in amides 


intermolecular attractions 
in amides 


The resonance picture of an amide shows its 


strongly polar nature. 
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Esters, Amides, and Nitriles 
Commonly Used as Solvents 
for Organic Reactions 


Compound Name mp (°C) bp (°C) Water Solubility 
" 
CH,—C—OCH,CH, ethyl acetate -83 77 10% 
{| dimethylformamide 
H—C—N(CH,), (DMF) -61 153 miscible 
ll dimethylacetamide 
CH,—C —N(CH,), (DMA) -20 165 miscible 
CH,—C=N acetonitrile 45 82 miscible 


°Acid derivatives (esters, acid chlorides, 
anhydrides, nitriles, and amides) are soluble in 
common organic solvents. 
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Characteristic Carbonyl IR 
Stretching Absorptions 


Functional Group 


ketone 
acid 
ester 


amide 


acid chloride 


acid anhydride 
nitrile 


@ Pearson 


Frequency Comments 
Oo 
| C=O, 1710 cm"! lower if conjugated, higher if strained 
R—C—R (aldehydes 1725 cm=!) 
Se 1710 cm! lower if conjugated 
R—C—OH—O—H, 2500-3500 cm=! broad, on top of C—H stretch 
oO 
|-————-c=, 1735 em"! lower if conjugated, higher if strained 
Re-C— Oak 
oO 
I C=O, 1640-1680 cm-! 
R=C— NR: 
| NH, 3200-3500 cm-! two peaks for R—CO—NH), 
H one peak for R—CO—NHR’ 
oO 
I C=O, 1800 cm-! very high frequency 
R=-C—GCl 
Oo Oo 
|-C=0, 1800 and 1750 cm! two peaks 
Re Ca Or Coy 
R—C=N CN, 2200 em! just above 2200 cm-! 
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IR Spectra of Carbonyl 


wavelength (ym) 


¢ (1032 3 35.4 455 SSG 7. 8 9 10 i 12 13 14 15 16 
pL Loren] 
A Hil Aili MMT 
% 
7 
R 
a | 
60| N 
5 
u 
1 
T 
40) 7 saturated 
$ C—Hstretch lh @) a 
| eae CH3(CH M OCH,CH. 
MT ha stretch’ 3(CH)¢ pCH3 
0 
4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600 
wavenumber (em™!) 
wavelength (um) 
2.5 3 35 4 45 5 5.5 6 7 8 9 10 I 12 13 14 15 16 
100 , ‘ i 
7 | ii fy 
t unsaturated “ 
8 ||| C—H stretch] 
60) N 
5 
ry 
1 
y 
40) 7 
N 
é 
20 ) ©p-c-0- ens 1601 
1723 aromatic N 
0 errs ce TP C—O stretch 
4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600 
wavenumber (cm™ ' 
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q 
iC 
a 
6 
5 


Copyright © 2019 Pearson Education, Inc. All Rights Reserved 


Amides, Lactones, Lactams, 
Nitriles, Acid Halides, and 
Anhydrides 


a a na ae i= ee 


6-valerolactone —_y-butyrolactone B-propiolactone é-valerolactam — y-butyrolactam —6-propiolactam 
1735 em"! 1770 cm"! 1800 cm"! 1670 cm"! 1700 cm=! 1745 om"! 
no strain moderate strain highly strained no strain moderate strain highly strained 


¢eMost acid derivatives have C=O stretches between 
1700 cm and 1800 cm. 


@ Pearson Copyright © 2019 Pearson Education, Inc. All Rights Reserved Slide - 26 


NMR Spectroscopy: ‘H NMR 


62.0-62.5 O O O H—variable, 5 5-6 8, broad 
Nd | I 
R— GHR—cC—xX Ee" a R—C—N— CH, — 
alpha protons ester 54 amide 5 3 
oO oO 
I I 
ft— C—R ij— C—O—R H—C—NR, R—CH)—C=N: 
% x \ \ 
59-6 10 58 68 62.5 
aldehyde formate formamide nitrile 


¢The proton chemical shifts found in acid 
derivatives are close to those of similar protons in 
ketones, aldehydes, alcohols, and amines. 
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DMF ‘'H NMR 


200 180 160 140 120 100 80 60 40 20 0 
= 
(0) a3 4 
\ A Witwaaseee 
ch, Tr 
a ‘oY 
aa 
pal 
Lay 
fl 

10 9 8 a 6 5 4 3 2 1 0 


6 (ppm) 
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Nucleophilic Acyl Substitution 


eInterconversion of acid derivatives occurs by 
nucleophilic acyl substitution. 


The nucleophile adds to the carbonyl, forming a 
tetrahedral intermediate. 


*Elimination of the leaving group regenerates the 
carbonyl. 


¢This is an addition-elimination mechanism. 


eNucleophilic acyl substitutions are also called acyl 
transfer reactions because they transfer the 
acyl group to the attacking nucleophile. 
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Mechanism of Acyl 
Substitution 


Step 1: Addition of the nucleophile forms the tetrahedral 
intermediate. 


% - 
Nuc! + Cc —= R—€=—Y 
ve% 
R ¥ Nuc 
nucleophilic attack tetrahedral intermediate 


Step 2: Elimination of the leaving group regenerates the carbonyl 
group. 


R—C=-¥ — C ab Ye 
| 7% 
Nuts R Nuc 
tetrahedral intermediate products leaving group 
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Reactivity of Acid Derivatives 


Reactivity Derivative Leaving group Basicity 
more reactive asia t less basic 
chloride R—C—€l cr 

O O O 
anhydride eg he oe 
O 
ester ete “OR 
O 
amide r—U—NH, “NH, 
O 
less reactive carboxylate R— d O- = more basic 
Slide - 31 


@ Pearson 


Copyright © 2019 Pearson Education, Inc. All Rights Reserved 


Interconversion of Derivatives 


Interconversions of acid derivatives 


acid chloride 


fe) 0 
I I 


R—-C—O—C—R ¢More reactive 


anhydride derivatives can be 
converted to less 
SOcL, reactive derivatives. 
amide 


carboxylate l 
R—=C 
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Acid Chloride to Anhydride 


Step 1: Addition of the nucleophile. Step 2: Elimination of the leaving group. 


H as a a H 


xo) Sa 6 or 05 Not 
i ae, ae «= >. yo 
(a 0=C. —— cl—C—O=C < > €l--€—o—C€ 
Fae ; Nis = ws Sy 
el R R R 
ees co tetrahedral intermediate 
Step 3: Loss of a proton. 
Sa "YY fe) O 
f Ny nF Ss 4 
— Cc is — rk + HCl 
R R’ R R’ 
anhydride 


°The carboxylic acid attacks the acyl chloride, 
forming the tetrahedral intermediate. 
°Chloride ion leaves, restoring the carbonyl. 
°Deprotonation produces the anhydride. 
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Acid Chloride to Ester 


Step 1: Addition 


Step 2: Elimination 
of the nucleophile. 


Step 3: Loss of a proton. 
of the leaving group 


O 70: pa = 0 

i? ; [> yal CO i. 

R—C—Cl + F'—-OH <— RE val > k-=C + N = 2 R=-C=0-F 

acid ee ae mi eae ester 

" RR Sy i pyridine 
tetrahedral intermediate RX - 

* cr 
H 


°The alcohol attacks the acyl chloride, forming the 
tetrahedral intermediate. 


°Chloride ion leaves, restoring the carbonyl. 


*Deprotonation produces the ester. 
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Acid Chloride to Amide 


Step 1: Addition 
of the nucleophile. 


% 


acid chloride 


amine 


Step 2: Elimination Step 3: Loss of a proton. 
of the leaving group. 
:On ca 
a, 
RCo / 2 EN SS R t Gi > oR "oe . 
R;N—H aa 
: R3NH 


tetrahedral intermediate 


*Ammonia yields a 1° amide. 


°A 1° amine yields a 2° amide. 


°A 2° amine yields a 3° amide. 
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Anhydride to Ester 


Step 2: Elimination Step 3: Loss of a proton. 


Step 1: Addition of the nucleophile. 
of the leaving group. 
ay 0) 055 O 
(> , IY | 
R—€—0—-C—=E + R—-OH — RR ¢ CO CK > R O—C—E 
anhydride alcohol Ot +O.) ii 
ee SB RO SH 


tetrahedral intermediate 


O=k + R=—C—On 


acid 


— R-C 
ester 


°Alcohol attacks one of the carbonyl groups of the 
anhydride, forming the tetrahedral intermediate. 
°The other acid unit is eliminated as the leaving 
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group. 
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Anhydride to Amide 


Step 1: Addition of the nucleophile. Step 2: Elimination 


Step 3: Loss of a proton. 
of the leaving group. 


:0: ) ‘oO fe) 
R ae ‘ R R3NH = R on R R i oO t R 
=p je + 5N — > 2 
= [ U ere 
anhydride amine pee aa 
R’ R R’ R’ 


tetrahedral intermediate 


| 
== R—C—NR; + R—C—OH 


amide acid 


*Ammonia yields a 1° amide; a 1° amine yields a 
2° amide; anda 2° amine yields a 3° amide. 
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Ester to Amide: Ammonolysis 


Step 1: Addition of the nucleophile. Step 2: Elimination Step 3: Loss of a proton. 
of the leaving group. 
i I> 
E—C—O—-R + KWH, — R-Cre —= R=C 20K: 
i 2 a Z 
primary amine cae bee 
(or NH) R’” Sy R’” SH 
tetrahedral intermediate 
1 
= R—C—NHR” + R’—OH 
amide alcohol 


eThe nucleophile must be NH, or 1° amine. 


°Prolonged heating is required. 
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Leaving Groups in Nucleophilic 
Acyl Substitution 


2035 
|. | - 
came 1 — a + :O—R’ 
*N—H *N—H alkoxide 
me Na "A “Sey (strong base) 


tetrahedral intermediate 


eA strong base, such as an alkoxide (OR), is not 
usually a leaving group, except in an exothermic 
step. 
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Energy Diagram 


Acyl substitution ~OCH; leaves in an 
exothermic step 
oO Es Oo 
iI) i? || “OCH; || HOCH, 
R—C— OCH, a R—C—OCH; 2 R=G, 4 —> R—-C 
| NH, NH, 


:NH, *NH, 
transition state 


7 


o= 


I 
R=C- ‘OCH 
| “<2 bond to methoxide 
*NH, has just begun 
; to break 


*In the nucleophilic acyl substitution, the 
elimination 


of the alkoxide is highly exothermic, converting 


the tetrahedral intermediate into a stable 
molecule 
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Transesterification 


Transesterification 


0 10) 
g—¢_o—w + R’—OH = HteroR’ , et ge + R—OH 
(large excess) 
Example 
oO 
(C)--o-cn.cn, + CH-OH or Ott boeH + CH,CH—OH 
ethy! benzoate methanol methyl benzoate ethanol 


°One alkoxy group can be replaced by another with 
acid or base catalyst. 


°Use large excess of desired alcohol. 
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Acid-Catalyzed 
Transesterification Mechanism 


First half: Acid-catalyzed addition of the nucleophile. 


Step I: Protonation Step 2: Nucleophile attack. Step 3: Deprotonation. 
of the carbonyl. 


C. Ht C—OCH; ‘— OCH3 
OCH; == Cu = Le 
1 OCH *OFH 
ROH L 


— 
da 2 tetrahedral intermediate 
(resonance-stabilized) ee 


Second half: Acid-catalyzed elimination of the leaving group. 


Step 1: Protonation of Step 2: Elimination of Step 3: Deprotonation. 
the leaving group. the leaving group. 
OH :OH iS | ode o 
” Cl a S i 


ae 4 
cC—6CH, cz0 
oe = cH, — Sor + CH,OH, 
OR OR : 


(resonance-stabilized) 
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Base-Catalyzed 
Transesterification Mechanism 


3 


p 9D | 


c COCH,CH, ut 
\OCH,CH, <* | = “BCH: 
:OCH, 


CH,O> “:OCH,CH, 


nucleophilic attack tetrahedral intermediate 
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Hydrolysis of Acid Chlorides 
and Anhydrides 


(ey :ON 0: i oO 
R ee HO R an R é A R—C—O—H + H,0* cr 
—{— + 2 : > > D) 3. =F — ues” jaa + 3 
*OH "Or 
H 


*Hydrolysis occurs quickly, even in moist air with 
no acid or base catalyst. 


*Reagents must be protected from moisture. 
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Hydrolysis of Esters: 
Saponification 


Step 2: Elimination Step 3: Proton transfer. 


Step 1: Addition 
of the leaving group. 


of the nucleophile. 


o 
a H—O—R’ 


C. cis 
les R + ~O—H eee R <= R—-C a 
ee € [> = Sou” 


:O—H 


acid alkoxide 


tetrahedral intermediate 


O—R 


or 


carboxylate alcohol 


°The base-catalyzed hydrolysis of ester is known as 


saponification. 


° Saponification means “soap-making.” 
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Saponification 


I I 
PaO AP qo Eres 


i I 
CHOC RAIA, + 3NaOH — > CH—O—H + Nat 0S AAAS 
1 I 
TOI Ee EE OPAPP LAL 
a fat (triester of glycerol) glycerol soap (salts of fatty acids) 


Soaps are made by heating NaOH with a fat 
(triester of glycerol) to produce the sodium salt of 
a fatty acid—a soap. 
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Hydrolysis of Amides 


Acid hydrolysis 


I 
R—C—NHR’ + H,O* —>* R—C—OH + R’NH, 


Example O O 
| ] 
CH,—C—NHCH, ee CH, —C—OH 
2 + 
@f - wo, = of + CH,NH, HSO; 
N-methy]-2-phenylacetamide phenylacetic acid methylammonium 


sulfate 


Amides are hydrolyzed to the carboxylic acid under 
acidic or basic conditions. 
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Basic Hydrolysis of Amides 


Step 1: Addition Step 2: Elimination Step 3: Proton transfer. 
of the nucleophile. of the leaving group. 
R= ae NH OH — R—- IP . NH, =— R—- NH, R= U NH 
co <2 —_ : 
oe pu Sout ge 
OH 


tetrahedral intermediate 


¢Similar to the hydrolysis of an ester. 

The hydroxide ion attacks the carbonyl, forming a 
tetrahedral intermediate. 

The amino group is eliminated and a proton is 
transferred to the nitrogen to give the carboxylate 
Salt. 
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Acid Hydrolysis of Amides 


First half: Acid-catalyzed addition of the nucleophile (water). 


Step 1: Protonation Step 2: Addition Step 3: Loss of a proton. 
of the carbonyl. of the nucleophile. 
9 {O—-H ‘0-H ‘0-H 
I. ql i [ 
R—C—NH, + Ht == i — ti Mo. — a a + H,O* 
H,0: :O: «HAO: :O—H 
; aS ne a‘ 
(resonance-stabilized) H H 
Second half: Acid-catalyzed elimination of the leaving group. 
Step 1: Protonation Step 2: Elimination Step 3: Deprotonation. 
of the leaving group. of the leaving group. 
Ee eS xi 
O—H -O—H *O—H 
Ley os i I . 
R—C—NH, + Ht == R—C—NH, == [R—C_ NH; —> R—-C_ NH; 
U ?O—H ?O—H 


(resonance-stabilized) 
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Hydrolysis of Nitriles 


Basic hydrolysis of nitriles 


i i 
— “OH ~OH 
R—C=N: + HO -=5° R—-C—NH, o> R-C-—O 4 
ea 2) x 0! 5 
nitrile 1° amide carboxylate ion 
O 
Example Tl 
C=N: C—NH, 
NaOH 
—————— 
H,O/EtOH, 50 °C 
nicotinonitrile nicotinamide 


*Heating with aqueous acid or base will hydrolyze 
a nitrile to a carboxylic acid. 
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:NH, 


Base-Catalyzed Hydrolysis of a 
Nitrile 


“0-H :O-H f. :O-H 
, Re ee UP og . 
Roy — R—C=N>" ——_—————— R—C=N—H + “O—H 
nitrile’ enol tautomer of amide 
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Reduction of Esters to 
Alcohols 


10) 
I LiAlH, H,O* 
R—C—0=R’ * R—-CHOLE + R'—Or'Le > R—CH,OH + R’—OH 
ester primary alkoxide primary alcohol 
(or acid chloride) 
Example 
] 
CH,—C —OCH,CH, CH,—CH,OH 
ay (1) LiAIH, i 
Ono” + CH,CH,OH 
ethyl phenylacetate 2-phenylethanol 


eLithium aluminum hydride (LiAIH,) reduces esters, 
acids, and acyl chlorides to primary alcohols. 
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Mechanism of Reduction of 
Esters 


Step 1: Addition of the nucleophile (hydride) 


Step 2: Elimination of alkoxide. 
Koy H Lit :08) Lit xen 
R P Ro + H hea R Pg R R l Lit “Q—R 
1 = , ey Bis SA 
ee re ‘a eed 
ester H H 
tetrahedral intermediate aldehyde alkoxide 
Step 3: Addition of a second hydride ion. Step 4: Add acid in the workup to protonate the alkoxide. 
OS H Li’ Or Li" :OH 
I | | H,O* | 
R—C + H-AI—H > R—C—H > R—C—H 
a ae ] ] 
H H H 
aldehyde salt primary 
alcohol 
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Reduction of Acyl Halides to 
Aldehydes 


I LiAIH(O-1-Bu), | 
R—C—El 3 R—C 


ether 


Example 


| LiAIH(O-r-Bu), | 
CH,(CH,)—C—al > CHYCH)—cC—H 


octanoy! chloride octanal 


*Lithium tri-tertbutoxyaluminum hydride is a 
milder reducing agent. 


°Reacts faster with acyl chlorides than with 
aldehydes. 
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Reduction to Aldehydes with 
DIBAL 


p iene p 

7 (1) (-Bu))AIH (2) H,O 7 

R ae Ts > R i H —— R ao 
R OR’ H 


*Di-/sobutylaluminum hydride, commonly called 
DIBAL or DIBAL-H, is another mild reducing agent 
that can reduce esters to aldehydes. 
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Reduction of an Amide to an 
Am*~~ é 


(1) LiAIH, 
R—C—NH, @H,O R—CH;—NH, 
primary amide m primary amine 
O 
oe (1) LiAIH 
Amides | RC NHR’ nS +, R—CH;—NHR’ 
secondary amide 2 secondary amine 
O 
(1) LiAIH, 
R—C—NR; @iLo R—CH,;—NR, 
tertiary amide 2 tertiary amine 
Example 
I (1) LiAlHy 
CH,;—C— NH— Ph @H,O > CH,;— CH,—NH— Ph 
acetanilide N-ethylaniline 


*Amides will be reduced to the corresponding 
amine by LiAIH,. 
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Reduction of an Amide 


Step 1: Addition of hydride. Step 2: Oxygen leaves. Step 3: Second hydride adds. 


a 
R—C-N 
R 
i 
H 
H 
amide 


@ Pearson 


© Ap “O—AIHp 
R R R 
—) p-20% CNA 
| R H R 
: t 
aie 
H 
tetrahedral intermediate iminium salt 


Copyright © 2019 Pearson Education, Inc. All Rights Reserved 


amine 
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Reduction of Nitriles to 
Primary Amines 


H,/Pt | 
So or (1) LiAIH,; (2) H,O | 


*Nitriles are reduced to primary amines by 
catalytic hydrogenation or by lithium aluminum 
hydride reduction. 
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Organometallic Reagents 


ihe 
H—C— GE + 2C,H,Li —= H—C—G#, 
a formate ester | 
Ch. 
OMgBr 


I 
CH,CH;-C—Cl + 2PhMgBr —>  CH,CH;-C—Ph 


an acid chloride | 


OH 
H,0* | 
——> H— 5 —CH, 
ooh 
a 2° alcohol 
OH 
H,0+ 


| 
——>  CH,CH,—C—Ph 


Ph 


a 3° alcohol 


*Grignard and organolithium reagents add twice to 
acid chlorides and esters to give alcohols after 


protonation. 
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Mechanism of Grignard 


Additian 
xe) :O:) *MgX xe) 
R IP OR’ + R’—MsX R = OR R il R’OMgX 
—C— coy “ g > 7 > + “i o 
Wi ee” | ae Si * 
R’ 
ester Grignard tetrahedral intermediate ketone 
‘Oy :Or *MgX :OH 
ee ae | cee nr : 
R=—G +R" + R'—Mex == Pe —=> aah ica + MgXOH 
RK R’ 
ketone alkoxide 


eEsters react with two moles of Grignards or 
organolithium reagents to produce an alcohol. 


°The ketone intermediate will react with a second 
mole of organometallic to produce the alcohol. 
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Dialkylcuprate Reagents 


I i 
R—C—Cl + RsCuLi —> R—C—R’ 


Example 


i 1 
(ye ° AN cat ms Gan 


°Acid chlorides react just once with dialkylcuprates 
(Gilman reagents) to give ketones. 
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Reaction of Nitriles with 
Grignards 


Attack on the electrophilic 
cyano group 


§ § : ; Pe eee hee ee) 
R’ co Protonation Acid hydrolysis 
R Mgx H,0* R. H Ho R. z 
R=C=N: > SC=NT ; Sc=Nv + —Sc=0! 
R R R 
salt of imine imine ketone 
Example 
Ph Mel H,0+ Ph ‘ 
Ph—C=N: +  CH.Mgl — SC=Nv ——_ e=0: 
CH; CH, 
benzonitrile methylmagnesium magnesium salt acetophenone 
iodide 


°A Grignard reagent or organolithium reagent 
attacks the cyano group to form an imine, which is 
hydrolyzed to a ketone. 
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Synthesis of Acid Chlorides 


socl, 


| 
R—C—OH “or(COCh, R—C—Cl + SO,t + HCI 


eThionyl chloride (SOCI,) and oxalyl chloride 
(COCI,) are the most convenient reagents because 
they produce only gaseous side products. 
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Acid Chloride Reactions 


H,0 
> R—C—OH + HCl (Section 21-7A) 
acid 
R’OH ¥ a 
> R—C—OR’ + HCl (Sections 20-15 and 21-5) 
| ester 
R—C—Cl O 
acid chloride ” 
1 chloride) BNE P : 
(acy > R—C—NHR + HCl (Sections 20-15 and 21-5) 
amide 
r 4 
R‘COOH 
> R—C—O—C—R + HCl (Section 21-5) 


anhydride 
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Acid Chloride Reactions 
(continued) 


7 
R=C=Cl 
acid chloride 
(acyl chloride) 


@ Pearson 


ia 
(1) 2 R’MgxX ‘ 
(2) H,0 R R 
R’ 
3° alcohol 
O 
RCuLi | 
> R-—-C—R’ 
(1) NaBH, ketone 
or LiAIHy 
(2) HO R—CH,OH 
1° alcohol 
i 
LiAIH(O-?-Bu) 
: R—C—H 
aldehyde 
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(Sections 10-9 and 21-9) 


(Section 18-10) 


(Section 21-8A) 


(Sections 18-10 and 21-8B) 
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Friedel-Crafts Acylation 


0 O 
| (AICI, I 
R—C—El + HO C—E 


Z Z 
(Z = H, halogen, or an an acylbenzene 
activating group) 
Example 
10) O 
| (1) AICI, | 
CH,—CH,—C—Cl + CH,O @ip” CHO C—CH,CH, 
propionyl chloride anisole p-methoxypropiophenone 


(major product) 
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General Anhydride Synthesis 


0 
I ] I I 
R—C=—Cl + 0—C-—E > R—C—O—C—R’ + Cl 
acid chloride carboxylate acid anhydride 
(or acid) 


Examples 


ae 
7 2 oii. OF 


N 
CH;-C—Cl + HO—C—Ph =—+ CH-C—0—C—Pa + 
acetyl chloride benzoic acid acetic benzoic anhydride pyridine - HCl 
i r an 
CH;—-C—Cl + H—C—O-Nat > CH;-C—O—C—H + NaCl 
acetyl chloride sodium formate acetic formic anhydride 


°The most generalized method for making 
anhydrides is the reaction of an acid chloride with 
a carboxylic acid or a carboxylate salt. 

°Pyridine is sometimes used to deprotonate the 
acid and form the carboxylate. 
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Reaction of Anhydrides 


10) 
H,O 
i> R—C—OH + R—COOH (Section 21-7A) 
acid 
oO 
l| I R‘OH 
R—C—0—C=—R Td R—C—OR’ + R—COOH (Section 21-5) 
anhydride ester 
oO 
R’NH, 
——2 R—C—NHR’ + R—COOH (Section 21-5) 
amide 
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Friedel-Crafts Acylation Using 
Anhydrides 


O O O 
I | AIC, I 
+ R=C€—0—C=R ae cC—E 
(or other acidic 
Z catalys Z 


catalyst) 
(Z = H, halogen, or an activating group) an acylbenzene 
Example oO 
¢ Msg AICI, COOH 
@H0 H,0 
benzene 4-oxo-4-phenylbutanoic acid 


succinic cae 


eUsing a cyclic anhydride allows for only one of the 
acid groups to react, leaving the second acid 
group free to undergo further reactions. 
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Acetic Formic Anhydride 


O 


1 oT 
CH,—C—O—C—H + R—OH —>» H—C—O—R + CH,COOH 


more reactive a formate ester 


carbonyl 


1 1 
CH,—C—O—C—H + R—NH, —* H—C—NH—R + _ CH,COOH 


a formamide 


°Acetic formic anhydride, made from sodium 
formate and acetyl chloride, reacts primarily at 
the formyl group. 

°The formyl group is more electrophilic because of 
the lack of alkyl groups. 
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Synthesis of Esters 


r 
R—C—OH 
acid 
R=C—Cl 
acid chloride 
io 
R—C—O0—C—R 
anhydride 
R=—C—OR” 
ester 

t 
R—C—OH 
acid 
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fe 


O 
Ht | 
R’—OH == R—C—OR’ + H,O 
alcohol ester 
1 
R’—OH — R—C—OR’ + HCl 
alcohol ester 
1 
Ht 
R’—OH > R—C—OR’ + RCOOH 
alcohol ester 
oO 
H* or “OR’ | 
R’— OH R—C—OF + R’OH 
alcohol ester 
CH,N, => R-—C—OCH, + N,t 


diazomethane 


methyl ester 
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(Section 20-10) 


(Section 20-15) 


(Section 21-5) 


(Section 21-6) 


(Section 20-11) 
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Reactions of Esters 


| 
R—C—OR’ 


ester 


@ Pearson 


O 
H,0 | ; 
i’ or-OH R—C—OH R’OH (Section 21-7B) 
acid 
oO 
R”OH =) : . 
Bt or -OR” R—C—OR R’OH (Section 21-6) 
ester 
oO 
R’NH, | 
>> R—C—NHR R’OH (Section 21-5) 
amide 
(1) LiAIH, 
Dio R—CH,OH R’OH (Sections 10-11B and 21-8A) 
ee 1° alcohol 
OH 
(1) 2 R“”MgX 
Dio R—C—R R’OH (Sections 10-9D and 21-9) 
R’ 
3° alcohol 
(1) DIBAL-H ? 
aa R—C—H ROH (Sections 18-10 and 21-8) 
e aldehyde 
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Formation of Lactones 


¢ Formation is favored for five- and six-membered 
rings. 


OH Ht O 
c—— + H,O 
COOH “ 


O 
27% 73% 


¢ For larger rings, remove water to shift equilibrium 
toward products. 


OH Ht O 
Cn ees benzene CR + H,0 
O 


9-hydroxynonanoic acid 9-hydroxynonanoic acid lactone (removed) 
(95%) 
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Reactions of Amides 


O 

O HO 

i Hor-0H R—C—OH +. R‘NH, (Section 21-7C) 
R—C—NHR’ acid 

amide (1) LiAlH, ; : 

(HO > R—CH,NHR (Sections 19-19 and 21-8C) 

| POC, 

R—C—NH, eo; | SN (Section 21-13) 
1° amide a> nitrile 
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Dehydration of Amides to 
Nitriles 


as POCI, - 
met Si) (orP,0,) R—C=N: 


primary amide nitrile 


°Strong dehydrating agents can eliminate the 
elements of water from a primary amide to give a 
nitrile. 

ePhosphorus oxychloride (POCI;) or phosphorus 
pentoxide (P,0.) can be used as dehydrating 
agents. 
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Formation of Lactams 


NH ; NH 
2 heat & H,O 
COOH . 


O 
y-aminobutyric acid y-butyrolactam 
NH NH 
2 heat PN HO 
COOH = 
O 
6-aminovaleric acid 6-valerolactam 


¢Five-membered lactams (y-lactams) and six- 
membered lactams (6 -lactams) often form on 
heating or adding a dehydrating agent to the 
appropriate y -amino acid or 

6 -amino acid. 
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f-Lactams 


H OH OH 
| I | : | ‘ae 
PhOCH,—C—N S. CH; sah Sia we CH,CH I 
SCH,CH,N—C—H 
aN 7 NH, LN pn f/f mica 
0 A O CH, O 
COOH COOH COOH 

penicillin V cephalexin (Keflex®) imipenem (Primaxin®) 
a penicillin a cephalosporin a carbapenem 


eUnusually reactive, four-membered ring amides 
are capable of acylating a variety of nucleophiles. 


°They are found in three important classes of 
antibiotics: penicillins, cephalosporins, and 
carbapenems. 
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Mechanism of £-Lactam 


Acylation 
‘i ‘i Nuc?> H 7 H H H H 
H—C——C—H ila = =e = 
| eee ae | ee Re == \ 
N Cc C Cc 


B-propiolactam 


°The nucleophile attacks the carbonyl of the four- 
membered ring amide, forming a tetrahedral 
intermediate. 


°The nitrogen is eliminated and the carbonyl 
reformed. 


°Protonation of the nitrogen is the last step of the 
reaction. 
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Action of 6-Lactam Antibiotics 


I 
PhOCH,C —NH 


PhOCH, o ERS _ 


COOH 
ij 


acylated, 
inactive 
enzyme 


active 
enzyme 


°The f-lactams work by interfering with the 
synthesis of bacterial cell walls. 


*The acylated enzyme is inactive for synthesis of 
the cell wall protein. 
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Synthesis of Nitriles 


T 
R—C—NH, 


primary amide 


R—xX (1°) 
alkyl! halide 


Ar—N=N 


diazonium salt 


1 
R—C—R 
ketone or aldehyde 
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POCI, 
—= R—C=N 
nitrile 
MN R-C=N + Nat X 


nitrile 
N 
uN  Ar—C=N + Nf 
aryl nitrile 


HO C=N 
HCN e— R? 
KCN 


cyanohydrin 
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(Section 21-13) 


(Section 6-9) 


(Section 19-17) 


(Section 18-14) 
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Reactions of Nitriles 


O 
H,0 Il H,0 I 
Worron > ~ R—~C—NH, —Grason? R—C—OH 
amide acid 
(1) LiAlHy, 
R—C=N ()H,0 poe err 
nitrile amine 
MgxX 
a 
oO 
R’MgX ll H,0* I 
> R—C—R’ = > R—C—R’ 
imine salt ketone 
(1) DIBAL-H i 
-78°C 
R—C—H 
+ 
@) 140 aldehyde 


(Sec 


(Sec 


(Sec 


(Sec 
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ion 21-7D) 


ions 19-20B and 21-8C) 


ions 18-9 and 21-9) 


ions 18-9 and 21-8) 
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Thioesters 


R—C—OH + R’—OH — 
acid alcohol 


| 
R—C—OH + R—SH = R—C—S—R’ 


+ HO 
acid thiol 


thioester 


°A thioester is formed from a carboxylic acid and 
a thiol. 


*Thioesters are also called thiol esters to 
emphasize that they are derivatives of thiols. 
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Resonance Overlap in Esters 
and Thioesters 


A, good C—O ) poor C—S 


ester Cc thioester cCc—S 
) Tt overlap Tt overlap 
4 : or ° ae 
R—C—O—R’ <> R—C=O7-R R—C—§—R'<—>R cre R 
stronger Tt cad) weaker tt overlap ~ 


The resonance overlap in a thioester is not as 
effective as that in an ester. 


*Thioesters are more reactive toward nucleophilic 
acyl substitution than are normal esters. 
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Structure of Coenzyme A (CoA) 


‘NH, 
N 
tS 
i | | sos —_ oy 
r 
CH,—C—S—CH,CH,N—C— CH,CH,N—C— CH: ‘ CH,—O if O—P—0O—CH, O 
thioester H H 
OH CH, oO H H 
° OH 
O=P—O- 
coenzyme A (CoA) Aus 


*Coenzyme A (CoA) is a thiol whose thioesters 
serve as a biochemical acyl transfer reagents. 
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Mechanism of Action of Acetyl 
CoA 


20 
Ps le Pp . 
CH,—C—S-—jCoA| + Nuc: 2 CH;—C~<S-7CoA > CH; qQ + *S—CoA 
a ie Nu 


acetyl coenzyme A tetrahedral intermediate acylated product 


*Acetyl CoA transfers an acetyl group toa 
nucleophile, with coenzyme A serving as the 
leaving group. 


*Thioesters are not so prone to hydrolysis, yet they 
are excellent selective acylating reagents; 
therefore, thioesters are common acylating agents 
in living systems. 
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Synthesis of Carbamate Esters 
from Isocyanates 


O 


R=N=C=0 ¢ OK" => R—NH—C=—0——F 


an isocyanate alcohol a carbamate ester 
(urethane) 

Example I 

OH CH3;— 1 —C—O 
H 
CH;—N=C=O + — 
methyl isocyanate 
1-naphthol Sevin® insecticide 
1 
R—-N=C+=O + H,0 = R— NH—C—OH —> R—NH, + CO, 
an isocyanate a carbamic acid an amine 
(unstable) 
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Polycarbonate Synthesis 


1 ois 
cl—C—cl + HO ( ) c @ oe heat, loss of 2 HCI 


phosgene 
CH, 


bisphenol A 


11.6 F6-tL-OFO-- 


Lexan® polycarbonate 


°Polycarbonates are polymers bonded to the 
carbonate ester linkage. 


*The diol used to make Lexan® is a phenol called 
bisphenol A, a common intermediate in polyester 
and polyurethane synthesis. 
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Synthesis of Polyurethanes 


O=C=N N=C=0 
CL + HO—CH,CH,—OH 
CH, ethylene glycol FA 


toluene diisocyanate 


0 
H_ |l | oH I 


H H 
mod C O=CH,CH;—O—C “OL Cc O—CH,CH,—O 
CH; CH, 


n 
a polyurethane 


°Reaction of toluene diisocyanate with ethylene 
glycol produces one of the most common forms of 
polyurethanes. 
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